An accurate modelling of baryonic feedback effects is required to exploit the full potential of future weak-lensing surveys such as Euclid or LSST. In this second paper in a series of two, we combine Euclid-like mock data of the cosmic shear power spectrum with an eROSITA X-ray mock of the cluster gas fraction to run a combined likelihood analysis including both cosmological and baryonic parameters. Following the first paper of this series, the baryonic effects (based on the baryonic correction model of Ref.
Introduction
The main goal of cosmological weak-lensing surveys is to learn more about our standard model of cosmology ΛCDM (and potential extensions thereof) by measuring the total matter distribution of the universe. In recent years, however, it has become clear that astrophysical feedback processes significantly affect the cosmological density field, making it more difficult to extract information about fundamental physics. Very energetic feedback processes attributed to active galactic nuclei (AGN) are believed to push large amounts of gas into the intergalactic space, which causes up to 10-30 percent changes in the clustering signal at small and medium cosmological scales [2, 3] . The exact amplitude of this effect, however, remains unknown, since AGN feedback is caused by processes around super-massive black holes that cannot be simulated self-consistently at cosmological scales.
Current cosmological hydrodynamical simulations include AGN feedback effects as semianalytical sub-grid models that are tuned to observations. Since different simulations rely on different sub-grid prescriptions and are calibrated to different observations, they do not agree in terms of the cosmological weak-lensing signal. While simulations such as CosmoOWLS [4] , Illustris [5] , or BAHAMAS [6] predict a 20-30 percent baryonic suppression effect of the clustering signal, other simulations like EAGLE [7] , HorizonAGN [8] , or Illustris-TNG [9] find a weaker effect of order 10 percent or less.
Given that the amplitude of the baryonic effects on the clustering signal is uncertain, one way forward is to parametrise the problem, thereby adding further nuisance parameters to the cosmological analysis pipeline. Such an approach can be pursued using fitting functions [10] , the halo model [11] [12] [13] [14] [15] , or full hydrodynamical simulations [16, 17] , depending on the analysis statistic and the precision requirements. Another option is to modify gravity-only N -body simulations to mimic baryonic effects on the cosmological density field. Such a baryonification approach, that is build upon a physically motivated parametrisation, has recently been adopted in Refs. [1, 18] .
The parametrisation of the baryonification method (i.e. the baryonic correction model) is based on halo profiles and therefore related to the halo model approach. However, in contrast to the halo model, the parametrised halo profiles are used to define a particle displacement field which is applied to outputs of N -body simulations. This means that the baryonic correction model is not restricted to the power spectrum as output statistics but provides a modified realisation of the total density field based on the original N -body simulation. Recent examples of alternative applications are weak-lensing peak statistics from convergence maps [19] or a neural network approach for cosmological inference [20] .
Compared to full hydrodynamical simulations, the baryonic correction model of Schneider et al. [1, henceforth S19] has the advantage of providing a clearly defined parametrisation of baryonic effects and the possibility to explore this parameter space without running expensive new simulations. However, it consists of an approximative method that has to be validated. In S19 we showed that the model is able to reproduce the matter power spectrum of a variety of different simulations at the level of 2 percent or better if the baryonic model parameters are fitted to the cluster gas fractions of the same simulation. This level of accuracy is very encouraging, allowing us to use the method for cosmological parameter estimates.
The present paper consists of the second paper in a series of two dedicated to a forecast analysis for stage-IV weak-lensing surveys such as Euclid 1 or LSST 2 . In the first paper [21, Paper I] we set up a mock observable consisting of the tomographic shear power spectrum and covariance matrix. We developed a baryonic emulator based on the baryonic correction model of S19 allowing us to speed up the prediction pipeline, making it fit for Markov Chain Monte Carlo sampling of the high-dimensional cosmological and baryonic parameter space. With this at hand, we carried out a first forecast analysis assuming a ΛCDM model with five cosmological parameters (Ω m , Ω b , σ 8 , h 0 , and n s ) where neutrino masses (Σm ν ) were set to zero for simplicity.
The main conclusions of Paper I can be summarised as follows: (i) ignoring baryonic effects in the prediction pipeline leads to strong biases of 5-10 standard deviations on all cosmological parameters except Ω b which cannot be well constrained by weak-lensing; (ii) ignoring the small cosmological scales (modes above = 100) makes the biases disappear but leads to a strong increase of expected errors on cosmological parameters; (iii) fixing baryonic parameters instead of marginalising over them reduces the parameter contours by ∼ 50 percent or less for Ω m , σ 8 and h 0 , while it is more than a factor of two for n s ; (iv) no less and no more than three baryonic parameters are required to obtain converged posterior contours for cosmology. Next to these main findings of Paper I, we furthermore showed that it is save to ignore both baryonic effects on the covariance matrix as well as the cosmology-dependence of baryonic effects on the power spectrum.
In this second paper of the series (Paper II), we will extend our analysis to a ΛCDM model including massive neutrinos. Furthermore, we will also include a mock data-set of cluster gas fractions from the X-ray survey eROSITA. This allows us to quantify how much can be gained in terms of cosmology if the baryonic parameters are further constrained using an external data-set of direct gas observations. Finally, we will go beyond the standard model of cosmology and study three extensions to ΛCDM. These include the dynamical dark energy model wCDM, the f (R) modified gravity model fRCDM, and a mixed dark matter model ΛMDM, where the dark matter sector is assumed to consist of a cold and a warm/hot component.
The paper is organised as follows: Sec. 2 provides a summary of the prediction pipeline including the most important aspects of the baryonic correction model and the calculation of the tomographic shear power spectrum. Sec. 3 is dedicated to the mock observables. We thereby review the setup of the weak-lensing mock and explain how we construct mock observations of the mean cluster gas fraction based on the eROSITA X-ray survey. In Sec. 4 we present the results from our parameter inference analysis for ΛCDM (with massive neutrinos), while extensions of the ΛCDM model are discussed in Sec. 5. Sec. 6 provides a final summary of the results, and in Appendix A we present results for the idealistic case when baryonic parameters are fixed to their true values used in the mock data.
Summarising the prediction pipeline
A fast and sufficiently accurate prediction pipeline is essential to perform Markov Chain Monte Carlo (MCMC) sampling of the cosmological parameter space. In this section we provide a broad summary of our predictions for the tomographic shear power spectra. This includes the gravity-only matter power spectrum, the baryonic effects, corrections for the presence of massive neutrinos, the selected redshift binning, the Limber approximation etc. For a more detailed description, we refer to Paper I [21] .
Baryonic correction model
The baryonic correction model developed in Refs. [1, 18] consist of the backbone of this study. The task of the model is to baryonify outputs of gravity-only N -body simulations by slightly displacing simulation particles in a post-processing way. The particle displacements transform the original NFW profiles of haloes (ρ nfw ) into a baryon-corrected profile (ρ bcm ) that accounts for the effects of stars and gas:
The profiles ρ gas , ρ cga , and ρ clm correspond to the gas, the central galaxy, and the collisionless matter components (consisting of dark matter, satellite galaxies, and intra-cluster stars), which are parametrised so that they agree with observations. Here we only discuss the gas profile, which is given by
where r co = 0.1 × r 200 and
The gas profile is characterised by a central core (of size r co ) followed by a power law-decline (with slope β) and a steep truncation at the maximum ejection radius (r ej ). Note that the slope of the profile described by the β parameter depends on the halo mass, becoming shallower for smaller haloes. This mass-dependence is in agreement with observations from X-ray profiles and can be qualitatively explained by the fact that the efficiency of feedback processes depends on the underlying gravitational potential.
The gas profile has three free parameters, one related to the maximum gas ejection (θ ej ) and two related to the slope (M c , µ). These are the baryonic parameters that we allow to vary together with the cosmological parameters. The remaining two parameters of the baryonic correction model (η star , η cga ) describe the stellar abundances in the halo and are fixed for simplicity. In Paper I we have shown that including η star and η cga as free model parameters has no noticeable effect on the cosmological parameter contours.
Regarding the matter power spectrum, the baryonic effects can be quantified via the ratio S BCM ≡ P dmb /P dmo , where the dark-matter-only (P dmo ) and dark-matter-baryon (P dmb ) matter power spectra are measured directly from the particle data. While the dark-matteronly data corresponds to the N -body simulation output, the data including baryonic effects is previously modified using the baryonionification method described above. All measurements of the power spectrum are performed with the internal power spectrum calculator of Pkdgrav3 [22, 23] .
In Paper I we have developed a baryonic emulator that allows to obtain fast predictions of the ratio S BCM suitable for MCMC sampling. The emulator was developed with the uncertainty quantification software UQLab [24] that relies on polynomial chaos expansion as spectral decomposition method. The code generates a surrogate model which can be evaluated at any point in the multidimensional parameter space. The baryonic emulator includes five baryonic parameters (M c , µ, θ ej , η star , η cga ) and one cosmological parameter (f b = Ω b /Ω m ) consisting of the cosmic baryon fraction. However, as mentioned above, we fix the stellar parameters to their benchmark values η star = 0.32 and η cga = 0.6 (see Paper I and S19).
The baryonic correction model has been shown to be in good agreement with hydrodynamical simulations. In S19 we fitted the BC model parameters to the measured gas fractions of galaxy groups and clusters of seven different hydrodynamical simulations. We then predicted the power spectrum with the BC model, and compared the result to the same simulation. In this way we obtained an agreement of 2 percent or better up to modes of k = 10 h/Mpc at redshift zero, validating the baryonification approach.
The baryonic emulator, on the other hand, has an uncertainty of 3 percent at the 2-σ level. However, for most k-modes the agreement is significantly better than this. A summary plot showing the accuracy of baryonic emulator can be found in Fig. 4 of Paper I.
Angular power spectra
The tomographic auto and cross power spectra of the cosmic shear are obtained using the Limber approximation [25] summarised in Eqs. (3.1) and (3.2) of Paper I. For the galaxy distribution we also follow Paper I and assume
where z bin defines the edges of the three tomographic bins. The calculation of the matter power spectrum, on the other hand, differs from the one used in Paper I. First, we now rely on the Boltzmann solver Class [26, 27] instead of the fit from Eisenstein and Hu [28] for the initial transfer function. While being more accurate, this allows us to include cosmologies with massive neutrinos and dynamical dark energy into the prediction pipeline. Second, we now model the nonlinear effects of massive neutrinos following the halofit extension of Bird et al. [29] . Note, however, that contrary to the original work of Ref [29] where the neutrino corrections have been applied to the original halofit model of Smith et al. [30] , we apply the corrections to the revised halofit version from Takahashi et al. [31] . The relative effects of massive neutrinos on the matter power spectrum are shown in the left-hand panel of Fig The present analysis is limited to the normal hierarchy with one massive and two massless neutrino flavour states. While this consists of a simplifying choice, we want to stress that the expected sensitivity of a stage-IV weak lensing survey alone is not high enough to differentiate between normal and inverted neutrino mass hierarchies.
Following the model of Ref. [32] , we also include a correction for the intrinsic alignment of galaxy shapes. We thereby restrict ourselves to one additional free parameter (A IA ) describing amplitude of the intrinsic-intrinsic and intrinsic-shear contributions to the power spectrum. The calculation of the cosmic shear power spectrum including the intrinsic-alignment terms and the nonlinear neutrino corrections is done within the package PyCosmo described in Refregier et al. [33] . Fig. 1 shows the resulting cosmic shear auto and cross power spectra of the three tomographic bins defined in Eq. (2.4). The coloured lines correspond to predictions assuming a fixed Planck cosmology plus varying values for the three baryonic parameters (log M c , µ, and θ ej ) within the prior ranges given in Table 1 . The band of coloured lines therefore provides a measure for the current uncertainties related to baryonic effects. The black data points with error bars correspond to the mock observable which will be presented in the following section. Note that Fig. 1 differs from Fig. 5 of Paper I in the sense that the former is based on the Boltzmann solver Class assuming a six parameter ΛCDM model with a neutrino of mass m ν = 0.1 eV, while the latter is based on a 5 parameter model with massless neutrinos obtained via the less accurate Eisenstein and Hu [28] fitting function.
Mock observations
In this section, we present the mock measurements of the weak-lensing shear power spectrum based on a Euclid-like setup as well as the X-ray cluster gas fraction assuming future observations from eROSITA. Since the weak-lensing mock is very similar to the one from Paper I [21] , we only provide a broad summary of its main characteristics. The construction of the eROSITA-based X-ray mock, on the other hand, is explained in more detail.
Weak-lensing mock data
Our weak-lensing mock sample requires both a theoretical prediction for the tomographic auto and cross angular spectra plus a corresponding covariance matrix. The power spectra are obtained using the pipeline described in the previous section. We thereby assume the galaxy distribution and redshift binning of Eq. (2.4). The covariance matrix is built from a sample of 300 Euclid-like weak-lensing maps for each of the three redshift bins (summing up to a total of 900 maps). The maps originate from 10 independent simulations with different random seed initial conditions. For each of these simulations, we construct 10 different light-cones by adding arbitrary shifts and rotations during the box replication process. All light-cones are then transformed into weak-lensing convergence maps using the Born approximation. We add three different configurations of Gaussian shape noise (based on Eq. 3.5 of Paper I) to each map, ending up with 300 (semi-) independent maps for the covariance matrix.
The default cosmological and baryonic parameter values of the mock are given in Table 1 . As discussed above, we now assume a neutrino of mass m ν = 0.1 eV, which is above the lower limit of 0.06 eV from solar and atmospheric neutrino experiments [e.g. Ref. 34, 35] but well below the current strongest limits on the neutrino mass from cosmology [36] . The default values of the baryonic parameters are the same than in Paper I. They are selected based on the best-fitting values of current gas fractions from X-ray cluster observations [37, 38] , see benchmark model B of S19.
Note that we include a neutrino mass of m ν = 0.1 eV in the tomographic power spectrum but not in the simulations for the covariance matrix. While this is strictly speaking inconsistent, it is unlikely to have any effect on the posterior contours. First of all, it has been shown before that fixing cosmological parameters (instead of varying them) in the covariance matrix does not noticeably affect the outcome of a likelihood analysis [see e.g. Ref. 39 ]. In our case, we set the neutrino mass to zero which is a particular fixed value within our prior range. Second, we explicitly showed in Paper I that ignoring baryonic effects in the covariance matrix does not lead to a visible effect on the posterior contours. Since both baryonic and massive neutrino suppression effects are of similar maximum amplitude, we therefore do not expect missing neutrino masses in the covariance matrix to affect the posterior contours either. Finally, we want to stress that massive neutrinos lead to a suppression of the power spectrum, which means that ignoring them in the covariance matrix will at most lead us to overestimate (but not underestimate) the size of the posterior contours.
The mock cosmic shear power spectra are shown as black symbols in Fig. 1 . The error bars correspond to (the square root values of) the diagonal terms of the covariance matrix. An illustration of the normalised covariance matrix with and without shape noise as well as with and without baryonic corrections is shown in Fig. 6 of Paper I.
X-ray mock data
In Paper I we have focused on a setup where posterior contours of cosmological parameters were obtained by either fixing or marginalising over the three baryonic parameters. One of the main goals of Paper II is to include additional information on the gas content of haloes instead, in order to further constrain the baryonic parameters in a realistic context.
From previous work [e.g. Refs. 4, 18] we know that the mean X-ray gas fractions of galaxy-groups and clusters is a particularly sensitive discriminant of the baryonic suppression effect on the weak-lensing signal. We therefore construct a mock data-set for the mean gas fractions, assuming the specifics of the upcoming X-ray eROSITA telescope [40] . The eROSITA instrument on board of the Russian 'Spectrum-Roentgen-Gamma' satellite is expected to observe many thousands of individual galaxy groups and clusters over a redshift range between z = 0.1 and z = 1.5. Together with mass estimates from weak-lensing measurements of Euclid, it will be possible to obtain observations of the gas fraction for thousands of individual objects [41] . Although each individual gas fraction can only be determined with rather modest signal-to-noise, the mean gas fraction per halo mass will be known to high precision. For the sake of constraining baryonic effects on cosmology, measuring the mean gas fraction is sufficient, since the scatter has been shown to not affect the cosmological signal [see Ref . 18] .
We set up mock measurements of the gas fractions at two radii r 2500 and r 500 to simultaneously constrain all three baryonic parameters (θ ej , µ, and M c ). This allows to break the degeneracy between θ ej and M c , which is present if the model is fitted to the gas fraction at one radius alone (see Fig. 7 of S19, for example).
The mock gas fractions are determined using the baryonic correction model with the same default parameters than what was used for the cosmic shear mock. We split the data in 9 mass-bins (designated by the subscript i) covering the range M 500 ∼ 10 13 − 10 15 M /h and M 2500 ∼ 5 × 10 12 − 5 × 10 12 M /h, and we assume 3 redshift-bins (designated by the subscript k) corresponding to the tomographic bins from the cosmic shear analysis (see Eq. 2.4). The mass and redshift bins are populated with objects following the predicted eROSITA cluster number counts N cl (M i , z k ). We thereby only include the part of the sky where there is an overlap with the Euclid field-of-view [see Ref. 41] . This is necessary because the total mass estimates are assumed to rely on cluster lensing measurements from Euclid.
The gas fractions at M ∆ with ∆ = 500 and 2500 are given by
where M gas,i and M tot,i are determined using the baryonic correction model at the mean redshifts z k = 0.238, 0.588, 0.94. The error bars on the mock gas fractions are given by
where σ sys = 0.013 is the expected systematic error on the total halo mass [41] . each redshift bin in the context of a Euclid-type survey setup are obtained from Ref. [41] as well. Note that there is an additional factor of two in the first term on the right-hand-side of Eq. (3.2). This correction has been introduced because f gas (M 500 ) and f gas (M 2500 ) are highly correlated. An easy and conservative way to neglect the covariance between the two data vectors is to assume that we use half of the sky to measure f gas (M 500 ) and the other half to measure f gas (M 2500 ), reducing the cluster count by a factor of two. The resulting mock data-set of the gas fractions at r 500 (left) and r 2500 (right) is shown in Fig. 2 as black data points. Due to the large numbers of expected galaxy-group and cluster detections by eROSITA, the error-bars generally remain very small. Only exceptions are the largest mass and highest redshift bins where eROSITA selected clusters and groups become rare, resulting in larger errors.
Next to the mock data set, we also show predictions of the mean gas fractions from the baryonic correction model with varying baryonic parameters θ ej , µ, and M c within their prior values given in Table 1 . The resulting coloured lines correspond to the same baryonic models for which we have calculated the shear power spectra in Fig. 1 .
The small error bars of the mock data combined with the large spread of model predictions in Fig. 2 already indicate that X-ray observations are a powerful tool to constrain baryonic parameters. In the next section we will investigate how much these additional constraints affect the cosmological bounds.
Cosmological parameter inference for ΛCDM
Based on the mock observations of the cosmic shear power spectrum ( Fig. 1 ) and the X-ray gas fraction (Fig. 2) , we now perform a likelihood analysis to quantify the constraining power of a Euclid-like survey. In this section we investigate the standard case of a ΛCDM cosmology with massive neutrinos. Different extensions of the ΛCDM model will be discussed in Sec. 5.
We simultaneously vary 6 cosmological (Ω b , Ω m , σ 8 , n s , h 0 , and Σm ν ), 1 intrinsicalignment (A IA ), and 3 baryonic parameters (M c , µ, θ ej ). In order to investigate the effects of baryons on cosmology, we investigate four different scenarios that are introduced in the following:
(i) WL only: The likelihood sampling is performed using only mock data from the tomographic shear power spectrum (presented in Sec. 3.1) assuming flat, uninformative priors. The baryonic parameters are allowed to vary freely within their prior-ranges. All resulting posterior contours are shown in red in the following figures.
(ii) WL + X-ray: Additionally to the mock tomographic shear power spectrum, the mock X-ray gas fractions (presented in Sec. 3.2) are also included into the likelihood analysis. The baryonic parameters are still allowed to vary freely but they will be constrained by the X-ray data. The priors remain flat and uninformative. All resulting posterior contours are shown in purple.
(iii) WL + X-ray + CMB-p5 : The likelihood analysis again includes both the shear power spectrum and the X-ray gas fractions. Unlike before, however, we now assume Gaussian priors from the CMB (corresponding to the Planck 2018 results [36] ). While this is not quite the same than including CMB observations into the data vector, it allows us to estimate the constraining power obtained when combining weak-lensing with CMB observables. Note that we only use CMB priors for the five standard cosmological parameters (Ω b , Ω m , σ 8 , n s , h 0 ) but not for the sum of the neutrino masses (Σm ν ). All resulting posteriors of this scenario are shown in green.
(iv) WL only (no baryons): All baryonic effects are completely ignored during the likelihood sampling (while they are included in the mock data). This allows us to estimate the biases appearing if the prediction pipeline does not include baryonic feedback effects. We only include the tomographic shear power spectrum as mock data and we assume flat, uninformative priors for all parameters. The resulting posteriors are shown in black.
Next to these four scenarios, we also consider a fifth case where all baryonic effects are fixed to their true values (i.e. the values assumed for the mock data set). This approach, which corresponds to the idealistic situation where baryonic effects are fully understood, has already been studied in Paper I [21] . In Appendix A we discuss it in a more general context of ΛCDM with massive neutrinos and cosmologies beyond ΛCDM. All free parameters and prior-ranges used for the likelihood samplings are summarised in Table 1 . The flat priors of the scenarios (i), (ii), and (iv) are given in the third column, the Gaussian priors used in scenario (iii) are given in the fourth column. Note that the flat cosmological priors are selected to be wide enough to not affect the posteriors. One notable exception is the baryon-abundance (Ω b ), which is not very sensitive to the weak-lensing signal and has been set to a range consistent with results from nucleosynthesis [42] . The priors of the baryonic parameters are set to comfortably include all known predictions of hydrodynamical simulations regarding the matter power spectrum. This becomes obvious by looking at Fig. 1 of Paper I, where the grey region shows the spread in the matter power spectrum when the 3 baryonic parameters are varied within their prior-ranges.
All Markov Chain Monte Carlo (MCMC) runs are performed using the sampler UHAMMER [43] that is build upon the code emcee [44] . The data vector of the tomographic shear power spectrum includes all three auto and three cross correlation spectra as shown in Fig. 1 . The X-ray mock observations contain both the gas fractions f (M 500 ) and f (M 2500 ) at the same three redshift bins (see Fig. 2 ). Note that the gas fractions at M 500 and M 2500 are selected from different parts of the sky, i.e. every cluster is only ever used to measure either f (M 500 ) or f (M 2500 ) but never both. While this approach leads to some loss of statistical power, it allows to neglect non-diagonal contributions to the covariance matrix of the X-ray data, considerably simplifying the analysis.
Before providing a more general view on the posterior contours of cosmological and baryonic parameters, we focus on the massive neutrino parameter. The left-hand panel of Fig. 3 shows the power spectrum for different values of Σm ν relative to the case of massless neutrinos (Σm ν = 0 eV). The shape of the neutrino-induced power suppression is qualitatively similar to the spoon-like suppression signal from baryonic effects (see e.g. Fig. 1 which could lead to degeneracies between the corresponding parameters 3 . As a consequence, this would mean that combining cosmic shear with X-ray data (thereby strongly reducing the freedom from baryonic parameters) would considerably strengthen the constraints. The right-hand panel of Fig. 3 shows the corresponding limits on the sum of the neutrino masses (Σm ν ) as a function of the matter abundance (Ω m ). All other cosmological parameters are marginalised over. The cosmology of the mock (with Σm ν = 0.1 eV and Ω m = 0.315) is indicated by the black cross. The red contours correspond to the forecast including weak-lensing only (scenario i). The purple contours show the combined forecast analysis, including both weak lensing and and X-ray mock observations (scenario ii). The green contours furthermore include priors from current CMB data (scenario iii).
The constraining power of all three scenarios is not high enough to reliably exclude the (unrealistic) case of vanishing neutrino masses. Note that similar conclusions can be drawn from recent results of Refs. [45, 46] . Marginalising over Ω m in the right-hand panel of Fig. 3 leads to an uncertainty on the sum of the neutrino mass of ∆Σm ν = 0.18 eV (0.30 eV) for the WL-only scenario and ∆Σm ν = 0.13 eV (0.24 eV) for the combined WL+X-ray case at the 68 percent (95 percent) confidence level. This corresponds to an improvement of ∼ 30 percent (20 percent). The uncertainty can be further reduced to ∆Σm ν = 0.05 eV (0.1 eV) in the WL+X-ray+CMB-p5 scenario (i.e. when Planck priors are assumed for all cosmological parameter except Σm nu ), which corresponds to a 70 percent (66 percent) improvement with respect to the WL only case at the 68 percent (95 percent) confidence level. We conclude that adding eROSITA-like X-ray data leads to a noticeable but not major decrease of uncertainty for the neutrino masses. More important than including external constraints for baryonic effects is to constrain large-scale modes with data from the CMB.
Finally, the black contours in Fig. 3 show what happens if baryonic effects are completely ignored in the prediction pipeline (i.e. scenario iv). In this case, we would falsely predict a very low matter abundance Ω m = 0.27 significantly below the true value of the mock data (Ω m = 0.315). The constraints on the neutrino masses would be so strong that they become discrepant with current solar and atmospheric neutrino experiments. We have checked that for other cosmological parameter, such as σ 8 or h 0 , the deviations from the true mock values are of comparable significance. This shows that ignoring baryonic effects is clearly not a viable approximation for stage-IV weak-lensing surveys. Similar conclusions have been drawn in Paper I.
After specifically focusing on massive neutrinos, we now discuss other selected parameters from our forecast analysis. Fig. 4 illustrates the posterior contours of the cosmological parameters Ω m , Ω b , σ 8 , and Σm ν together with the baryonic parameters log M c and θ ej . All remaining parameters (h 0 , n s , A IA , and µ) are marginalised over. The red contours again show the WL-only case (scenario i), while the purple and green contours correspond to the combined WL+X-ray scenarios with flat, uninformative priors (scenario ii) and with Gaussian priors in accordance with current CMB constraints (scenario iii). Fig. 4 shows that including eROSITA data of X-ray gas fractions provides stringent constraints on baryonic feedback parameters. The expected errors on both log M c and θ ej are strongly reduced with respect to the weak-lensing only case. The same is true regarding the third baryonic parameter µ as we will see later on. However, Fig. 4 also illustrates that there are no strong degeneracies between baryonic and cosmological parameters. This means that finding better and better constraints for the baryonic parameters only leads to moderate improvements in terms of cosmology. This statement is further emphasised in Appendix A, where we show that fixing baryonic parameters to their true values (assumed in the mock) does only led to a moderate further decrease of the posterior contours.
As a side-note it should be emphasised that Euclid-like observations of the cosmic shear power spectrum alone make it possible to constrain the baryonic parameters beyond the original prior ranges (albeit not with the same constraining power than the X-ray data). This means that stage-IV weak-lensing surveys will not only be able to teach us more about cosmology but also about baryonic feedback processes of galaxies. This conclusion, already mentioned in Paper I, remains true for the more realistic case of a ΛCDM model with massive neutrinos.
Another conclusion that can be drawn from Fig. 4 is that the Ω b parameter can be constrained with the WL+X-ray combination but remains unconstrained in the WL only scenario. The latter is not surprising as weak lensing only probes the total matter distribution which is not sensitive to the Ω b parameter. The former is due to the fact that the X-ray gas fractions are not only sensitive to baryonic feedback but also carry some cosmological information. More explicitly, the X-ray gas fractions are sensitive to the cosmic baryon fraction f b = Ω b /Ω m , which sets the overall normalisation of the data points visible in Fig. 2 .
A summary of the results discussed above is provided in Fig. 5 , where we plot the marginalised errors σ i (at the 68 percent confidence level) of all free model parameters i divided by their default parameter value θ i . The results from the WL only scenario (i) is again shown in red, while the WL+X-ray scenarios without and with CMB priors (ii and iii) are shown in purple and green. Fig. 5 shows that adding X-ray information to the WL data leads to a reduction of the errors on the baryonic parameters by more than 70 percent for θ ej , 85 percent for log M c and 95 percent for µ. As already shown above, the improvement regarding the cosmological parameters is not nearly as impressive. Only the errors on Ω b and Σm ν decrease by ∼ 30 percent or more, while the errors of the remaining parameters decrease by only ∼ 5-20 percent (Ω m , σ 8 , and h 0 ) or not at all (n s and A IA ). A much more significant improvement of all parameter uncertainties is obtained if CMB priors are included. In this case, the errors of all cosmological parameters shrink by ∼ 50 percent or more. This also has an effect on the errors of the baryonic parameters which become even tighter than for the WL+X-ray case with flat priors. The main conclusion obtained from Fig. 5 is that in terms of cosmological parameter estimates it is more promising to further constrain large scales with CMB data than to reduce baryonic uncertainties at small scales. Note that the decrease of errors when going from purple to green (scenario ii to iii) is not uniquely driven by the CMB priors but is due to a combination of CMB and WL likelihoods. This becomes evident when comparing the error estimates from the WL+Xray+CMB-p5 scenario to the CMB prior ranges alone (green versus black empty bars) where the former are significantly tighter than the latter, especially regarding the parameters Ω m and σ 8 .
Looking at both the current CMB errors from Planck and the expected uncertainties from WL+Xray observations also allows to compare the current state-of-the-art with future expectations. Fig. 5 shows that significant improvement in terms of cosmological parameters can be expected for Ω m and σ 8 but not for Ω b , n s , and h 0 . This is not surprising as the former two are known to be particularly sensitive parameters for weak lensing.
Finally, let us compare the results of Fig. 5 to the Euclid-specific forecast analysis of Blanchard et al. [47, henceforth B19 ]. Compared to this paper, B19 used a setup that is closer to Euclid survey characteristics, resulting in a somewhat different galaxy distribution and redshift range, 10 instead of 3 redshift bins, and a survey area of 15000 deg 2 instead of 20000 deg 2 . On the other hand, they relied on the less accurate Fisher matrix analysis instead of a full MCMC likelihood analysis and they did not account for neutrino mass variations nor baryonic feedback effects. Fig. 5 shows that our forecast results for Ω m and σ 8 are very similar to the ones from B19 (i.e. their WL only case assuming a flat universe). On the other hand, we obtain smaller uncertainties for Ω b , n s , and h 0 , which is, at least partially, due to tighter prior choices for Ω b and n s (see Table 1 and related discussion in the text).
In the present section, we have established that the cosmic shear power spectrum alone is able to provide surprisingly tight constraints on cosmological parameters as long as baryonic effects are properly parametrised. Furthermore, we showed that it is possible to efficiently constrain the baryonic parameters with external data from X-ray gas fractions, leading to a further reduction of cosmological parameter uncertainties at the order of 10-30 percent. A much stronger improvement of order 50 percent or more is expected if the weak-lensing plus X-ray data is combined with data from the CMB.
Testing cosmological extensions
So far, we have limited ourselves to the standard case of a six parameter cosmological model with cosmological constant and one massive neutrino species. However, one of the main goals of future cosmological surveys is not only to pin down well-known parameters to better and better precisions, but to test possible deviations or extensions of the standard ΛCDM cosmology. In this section, we go beyond the minimal cosmological model and determine the expected constraints for three next-to-minimal cosmologies. The first case is the well known dark-energy model with dynamical equation of state, parametrised by w 0 and w a . The second case is the f (R) modified gravity model of Hu and Sawicki [48] that has become the best studied toy-model for modified gravity extensions with screening mechanism. The third model consists of a mixed dark matter cosmology, where the dark matter sector is described by a perfectly cold and a warm (or hot) particle component. All three models exhibit modifications of the power spectrum that become larger towards higher wave modes. This could potentially lead to degeneracies with the baryonic suppression signal, making them ideal targets of investigation.
Following the procedure set up in the beginning of Sec. 4, we investigate four different cases, the WL only (i), the WL+X-ray (ii) , the WL+X-ray+CMB-p5 (iii), and the WL only (no baryons) scenario (iv), performing a likelihood analysis for each one of them. A fifth WL only scenario with fixed baryonic parameters is presented in Appendix A. Regarding scenario (iii), note that the CMB priors from Planck only apply to the five standard cosmological parameters (n s , h 0 , σ 8 , Ω b and Ω m ) but neither to the sum of the neutrino masses (Σm ν ) nor the the parameters describing the ΛCDM extension.
Dynamical dark energy (wCDM)
The wCDM model is one of the best studied extensions of the ΛCDM standard cosmological paradigm. It is based on the assumption that the dark energy component is dynamical (instead of a constant Λ) with an equation-of-state w de (z). A common and well tested parametrisation is [49, 50] w de (z) = w 0 + w a z 1 + z . while w de < −1 is known as phantom dark energy [52] . Following e.g. Ref. [53] , we impose w 0 + w a ≤ 0 as a hard prior. The other priors on the individual parameters are given in Table 1 .
In order to estimate the expected constraints on dynamical dark energy from a Euclidlike survey, we perform likelihood samplings including all baryonic, intrinsic-alignment, and cosmological parameters from before, plus the new parameters w 0 and w a from Eq. (5.1). We rely on the same prediction pipeline for the matter power spectrum, i.e. the revised halofit model of Takahashi et al. [31] . The mock data set is also the same than the one presented above, corresponding to the ΛCDM case with w 0 = −1 and w a = 0. The goal is to estimate how well we will be able to constrain deviations from ΛCDM in the w 0 − w a plane with the weak-lensing shear spectrum alone and by combining it with the X-ray data set from eROSITA. Furthermore, we want to quantify the bias that is introduced if baryonic effects are ignored.
The left-hand panel of Fig. 6 illustrates the relative effect on the matter power spectrum at z=0.5 for a dark energy equation-of-state deviating from the ΛCDM case. We show two example-cases for w 0 , where the solid lines correspond to w a = 0, while the dashed and dashdotted lines give the results for w a = −0.5 and 0.5. In general, the amplitude of the power spectrum becomes larger (smaller) for larger (smaller) values of w 0 and w a . Furthermore, the difference between the wCDM and the ΛCDM case increases towards smaller physical scales (larger k-modes).
The right-hand panel of Fig. 6 shows the results of the likelihood analysis in terms of the w 0 − w a posterior contours while all other parameters are marginalised over. The true cosmology of the mock data set is indicated as a black cross. Following the same colour scheme than in the previous section, the results from the WL only scenario (i) are shown in red, while the WL + X-ray scenario with flat, uninformative priors (ii) is shown in purple. The green contours correspond to the WL + X-ray scenario with Planck priors on the five standard parameters (n s , h 0 , σ 8 , Ω b and Ω m ). Note again that the remaining cosmological parameters (Σm ν , w 0 , and w a ) do not include prior information from the CMB. Fig. 6 shows that both additional X-ray data and CMB priors lead to a noticeable but not very significant reduction of the dark energy parameter contours. The marginalised uncertainty on w 0 decrease from ∆w 0 = 0.101 (0.200), to ∆w 0 = 0.092 (0.177), and ∆w 0 = 0.091 (0.175) for the scenarios (i)-(iii) at the 68 percent (95 percent) confidence level. The uncertainty on w a , on the other hand, goes from ∆w a = 0.443 (0.838), to ∆w a = 0.408 (0.752), and ∆w a = 0.327 (0.646) at the 68 percent (95 percent) confidence level. This rather moderate improvement leads us to conclude that current uncertainties related to baryonic feedback effects are not expected to significantly degrade the errors on dynamical dark energy parameters. In Appendix A, we show that the idealistic scenario of fixed baryonic parameters does not lead to tighter constraints either, which further confirms the conclusions above.
The combined accuracy of the dark energy equation-of-state parameters can be quantified using the Figure of Merit (FoM), which we define as
where ∆w 0 and ∆w a refer to the errors at the 68 percent confidence level. We obtain a Figure of Merit of FoM = 22 for the WL only, FoM = 27 for the WL+X-ray, and FoM = 34 for the WL+X-ray+CMB-p5 scenarios. The idealistic case of fixed baryonic parameters (discussed in Appendix A) leads to FoM = 32. It is worth noticing that these results are in reasonable agreement with the Euclid-specific forecast paper of B19 [47] . Finally, we investigate what happens if baryonic effects are ignored in the prediction pipeline (i.e. scenario iv). In Fig. 6 , the corresponding contours are given in black. They show a strong preference for a phantom dark energy model with biases on w 0 and w a of more than 5 standard deviations. This means that ignoring baryons would lead to a false exclusion of a cosmological constant as the driver behind the accelerated expansion of the universe. It is therefore evident that including baryonic effects into the WL analysis pipeline will be essential for studying dark energy extensions with stage-IV lensing surveys.
Chameleon f (R) gravity
The f (R) gravity model (fRCDM) is characterised by a generalisation of the Einstein-Hilbert action where the Ricci scalar R is replaced with an arbitrary function f (R). One of the best studied cases is the Hu and Sawicki [48] parametrisation of f (R), which results in a screening mechanism where noticeable deviation from general relativity only manifest themselves in low-density regions, thereby evading the most stringent constraints from solar-system tests. The functional form contains two free parameters f R0 and n [see Eqs. 3 and 30 of Ref. 48 ], here we restrict ourselves to the case with fixed n = 1 and varying f R0 .
We use the fitting function of Winther et al. [54] to quantify the effect of f (R) gravity on the nonlinear matter power spectrum. The fit is given by where B, C, D, E, F , and G are second-order polynomial functions of redshift with each of the polynomial coefficients being themselves second order polynomial functions. The best-fitting coefficients are given in Table II of Winther et al. [54] . The relative power spectrum of fRCDM obtained with Eq. (5.3) at z = 0.5 is shown in the left-hand panel of Fig. 7 . It is characterised by an excess of power at small scales (k 0.1 h/Mpc) with respect to the standard ΛCDM case. The amplitude of the excess depends on the f R0 parameter. Below |f R0 | ∼ 10 −7 , the results are indistinguishable from ΛCDM. Note that all relative power spectra become flat at k > 10 h/Mpc. This is not a physical effect but corresponds to the maximum scale to which the fitting function has been calibrated.
We model the f (R) power spectrum by simply multiplying Eq. (5.3) to the nonlinear power spectrum from the revised halofit model [31] . This approach is justified by Ref. [54] , where it is shown that Eq. (5.3) is fairly insensitive to modifications of cosmological parameters. The MCMC sampling is performed using the same parameters as above. This means that, next to the new model parameter f R0 , we vary all cosmological ΛCDM parameters (including the sum of the neutrino mass) as well as the intrinsic-alignment and the three baryonic parameters.
The resulting posterior contours of Ω m and |f R0 | are shown in the right-hand panel of Fig. 7 . All other parameters are marginalised over. As before, the red and purple contours correspond to the WL only and the WL+X-ray scenarios with flat, uninformative priors. The WL+X-ray scenario with Planck priors on the five standard parameters (n s , h 0 , σ 8 , Ω b and Ω m ) is shown in green. The other cosmological parameters (Σm ν and f R0 ) do not include prior information from the CMB.
Marginalising over Ω m in Fig. 7 results in constraints of log |f R0 | < −5.7 (−5.3) for the WL only and log |f R0 | < −6.0 (−5.8) for the WL+X-ray scenarios at the 68 percent (95 percent) confidence level. The substantial improvement can be explained by the fact that baryonic feedback and f (R) gravity both lead to modifications of the power spectrum that are similar in shape and amplitude. Fixing baryonic effects with X-ray data therefore allows to put stronger limits on |f R0 |. Adding CMB priors on the five standard cosmological parameters, on the other hand, leads to log |f R0 | < −6.1 (−5.9) at the 68 percent (95 percent) confidence level, which is only a mild further improvement compared to the case without CMB priors. In Appendix A we show that the same is true for the WL only scenario where baryonic effects are fixed. We therefore conclude that combining WL with cluster gas fractions from eROSITA allows us to obtain optimal constraints on f (R) gravity. Note that the expected limit on |f R0 | is significantly tighter than current constraints from cosmological probes [55] [56] [57] [58] .
Finally, we again run a forecast analysis for the case where baryonic effects are ignored in the prediction pipeline. The results are given as black contours in Fig. 7 . They show preference for a f (R) gravity model with log |f R0 | ∼ −6.7 compared to the standard ΛCDM case. However, and more importantly, the black contours show that ignoring baryons results in a limit log |f R0 | < 6.5 at the 95 percent confidence level, which is overly optimistic with respect to the realistic limits presented above.
Mixed dark matter (ΛMDM)
The ΛMDM model is based on a dark matter sector with a cold and a warm (or hot) dark component. There are multiple particle physics configurations where such a scenario could arise. For example, dark matter could be made of sterile neutrinos, where the warm DM component consists of particles produced via the standard Dodelson and Widrow [DW, 59] mechanism, while the cold component could arise due to the decay of a scalar singlet [60, 61] . Another option is multiple axion DM with an ultra-light axion-like particle playing the role of warm and a Peccei-Quinn axion the role of cold dark matter [62, 63] .
While the details of clustering may depend on the specific particle physics model, all of these models exhibit a smoothed step-like suppression feature of the linear matter power spectrum, where the position of the step depends on the mass of the warm component and its amplitude is governed by the fraction of warm to cold species [see e.g. Ref. 64 ]. Due to nonlinear structure formation this initial step gets transformed into a more gradual suppression, which, however, is shallower than the suppression caused by pure warm dark matter.
In this paper we focus on the case of a subdominant warm component that has become non-relativistic before the time of photon decoupling, i.e. m wdm 10 eV [36] . This means we do not adopt the number of relativistic species (N eff ) assumed in the analysis. The correction to the nonlinear matter power spectrum is calculated following the fitting function of Kamada et al. [65] : where D(z) is the growth factor normalised at redshift zero. The fitting function has two free parameters, the mass of the warm relic (m wdm ) in eV and the fraction of warm to total dark matter (f wdm = Ω wdm /Ω dm ). Note that m wdm consists of the thermal-like WDM mass term, which only coincides with the true particle mass for the case of a thermally produced dark matter relic [see e.g. Refs. 66, 67] . For the non-thermally produced DW sterile neutrinos (sn), the mass conversion is m sn 3.9 × (m wdm /keV) 1.294 keV [68] . For the ultra-light axion scenario, an approximate conversion can be found by equating the half-mode scales as in Ref. [69] . We now perform a cosmological parameter inference varying the new model parameters w wdm and f wdm plus all previous baryonic, intrinsic-alignment, and cosmological parameters including Σm ν . The priors are described in Table 1 . Regarding the mock observation, we use the same data as above, which corresponds to a ΛCDM model with perfectly cold dark matter, i.e. f wdm = 0.
The left-hand panel of Fig. 8 illustrates the relative effect of a ΛMDM model on the power spectrum at redshift 0.5, assuming two different thermal masses m wdm = 30, 80 eV (dashed and solid lines) and three different values for the fraction f wdm = 0.05, 0.1, 0.15 (blue, cyan, and magenta). Note that depending on the choice of parameters, the shape of the suppression can be similar to the baryonic suppression, at least for k-values below 5 h/Mpc. This could lead to potential degeneracies with baryonic effects, which is something we will investigate in the following.
The right-hand panel of Fig. 8 shows the resulting limits from our MCMC analysis for the WL only scenario (red) and for the WL+X-ray scenarios without and with CMB priors from Planck (purple and green). The latter only includes CMB priors on the five standard cosmological parameters (n s , h 0 , σ 8 , Ω b and Ω m ) but not on Σm ν , m wdm , and f wdm . Fig. 8 shows that at small particle masses of m wdm = 50 eV and below, the amount of warm/hot dark matter can be constrained to be smaller than 4.7 (6.8) and 2.6 (3.7) percent of the total DM budget at the 68 percent (95 percent) confidence level for the WL only and the WL+X-ray case, respectively. This number can be further pushed down to 0.7 (1.7) percent for the WL+X-ray scenario with Planck priors. We conclude that for small particle masses, expected limits on the fraction of warm/hot DM relics are significantly tighter than current constraints that are at the 10-20 percent level [70] [71] [72] [73] [74] .
At larger masses, however, the expected weak-lensing constraints are not competitive with limits from small-scale clustering. Considering the pure warm DM case (f wdm = 1), for example, we obtain a limit of m wdm > 300 eV, 400 eV, and 650 eV (at the 95 percent confidence level) from the WL only case and the WL+X-ray scenarios without and with CMB priors. These limits are more than a factor of 5 below current constraints from the Lyman-α forest [see e.g. Ref. 75 ]. This is not surprising since weak lensing mainly probes the medium scales of structure formation.
Comparing the WL only results with the ones from the WL+X-ray scenario, we notice that including X-ray gas fractions from eROSITA is expected to provide a significant improvement regarding the expected constrains on ΛMDM. This can again be explained by the fact that the baryonic and mixed DM power suppression effects are very similar regarding both their shape and amplitude. Constraining baryonic feedback effects with external data, such as cluster gas fractions from X-ray, is therefore important to obtain maximum sensitivity in terms of the dark matter signal.
Finally, the black contours in Fig. 8 illustrate what happens if baryonic effects are ignored in the analysis pipeline. In this scenario we falsely predict the presence of a warm/hot relic of m wdm 20 − 100 eV that makes up 10-30 percent of the total DM abundance. The case of f wdm = 0 (assumed for the mock data) is excluded at high significance. This example highlights the need to properly include baryonic feedback effects before probing dark matter models with stage-IV weak-lensing surveys.
Conclusions
Upcoming surveys such as Euclid and LSST will be significantly more accurate and extend to smaller scales compared to current weak-lensing observations. As a consequence, we require a solid theoretical understanding of nonlinear structure formation including the effects of baryonic feedback. This is the second paper in a series of two dedicated to the study of baryonic effects on the cosmic shear power spectrum of a Euclid-like survey. In the first paper, we investigated how baryonic nuisance parameters (defined by the baryonic correction model of S19 [1] ) affect the cosmological parameter estimates of a standard ΛCDM model with massless neutrinos. In this paper, we include the sum of neutrino masses as a free parameter and we combine the weak-lensing data with X-ray mock observations from eROSITA. Furthermore, we investigate three straight-forward extensions of the ΛCDM model, a dynamical dark energy scenario (wCDM), a f (R) modified gravity model (fRCDM), and a mixed dark matter model (ΛMDM) with a cold and a warm (or hot) dark matter component. All three scenarios predominantly affect the density perturbations at small scales and are therefore potentially degenerate with the signal from baryonic feedback.
The main findings and conclusions from the present paper are summarised by the following list:
• Combining the expected cosmic shear power spectrum with X-ray observations of the cluster gas fraction helps to strongly decrease the uncertainties on the 3 baryonic feedback parameters (M c , µ, θ ej ). As a consequence, this also leads to modifications of the cosmological parameter contours. The uncertainty on the sum of the neutrino masses (Σm ν ) decreases by about 20-30 percent when X-ray data is included. For other parameters, such as Ω m or σ 8 , the improvement remains below the 20 percent level. We conclude that constraining baryonic effects with external data results in a noticeable but not very substantial improvement in terms of cosmology. Conversely, this means that properly parametrising baryonic feedback (without knowing the true amplitude and shape of the effect) is sufficient to obtain tight constraints on cosmological parameters within the ΛCDM framework.
• Much more significant gains in terms of cosmological parameter estimates are obtained when WL+X-ray data is combined with information from the CMB. Assuming priors from Planck on the five standard parameters (n s , h 0 , σ 8 , Ω b and Ω m ) results in a ∼ 70 percent decrease in the uncertainty of the sum of the neutrino masses (Σm ν ) compared to the WL only scenario. The errors of the other cosmological parameters are also reduced significantly below both the WL only scenario and the current limits from Planck.
• The equation-of-state parameters (w 0 , w a ) of the dynamical dark energy model wCDM can be constrained to ∆w 0 = 0.2 and ∆w a = 0.84 (at the 95 percent confidence level) with the cosmic shear power spectrum alone. Adding X-ray data only leads to a moderate decrease of uncertainty below the 20 percent level. We therefore conclude that simply parametrising baryonic feedback is a sufficient strategy for the wCDM scenario as well.
• The Hu and Sawicki [48] f (R) gravity (fRCDM) leads to an enhancement of the power spectrum at small scales which is similar in shape to the baryonic suppression effect, making it a particularly interesting model to study in the context of the present paper. Our forecast analysis reveals that the weak-lensing scenario alone results in a limit of |f R0 | < 4 × 10 −6 at the 95 percent confidence level. Adding eROSITA-type X-ray leads to |f R0 | < 1.6 × 10 −6 , which is a substantial improvement revealing the necessity to further constrain feedback effects in the context of modified gravity.
• The mixed dark matter scenario (ΛMDM) with both a cold and warm/hot relic leads to a power suppression that is very similar in shape and amplitude to the baryonic suppression effect. This means that ΛMDM is a particularly interesting case to study in combination with baryonic feedback. We find that for a very warm relic with m wdm < 50 eV, the fraction of warm to total dark matter can be constrained to below 7 percent (at the 95 percent confidence level) with the cosmic shear power spectrum alone. Adding X-ray gas fractions from eROSITA will push this limit down to 3.5 percent which is a significant improvement. An even stronger constraint of 1.7 percent is obtained when Planck priors are assumed for the five standard cosmological parameters (n s , h 0 , σ 8 , Ω b and Ω m ). Hence, the ΛMDM scenario is another example where additional external constraints on baryonic feedback help to significantly decrease uncertainties on fundamental model parameters.
• Ignoring baryonic effects in the cosmological prediction pipeline leads to very significant biases of the posterior distributions visible in all parameters. While the existence of large biases has already been pointed out in Paper I, we show here that this remains true in the context of cosmological models with more free model parameters. For example, ignoring baryonic effects results in a neutrino mass estimate in conflict with current solar and atmospheric neutrino experiments. Furthermore, it leads to highly significant false detections of either dynamical dark energy or a subdominant warm/hot dark matter component.
Summarising the results of Paper I and II, we want to stress that including baryonic effects on the cosmic shear power spectrum is crucial for future stage-IV weak-lensing surveys like Euclid and LSST. However, once these effects are included in a parametrised form, we find surprisingly tight constraints on cosmological parameters by simply marginalising over baryonic effects. While additional data (such as X-ray gas fractions) helps to further decrease the errors, the improvement is only of the order of 30 percent or less for parameters of the ΛCDM model. The situation can be different for models beyond ΛCDM, where better constraints on baryonic effects may lead to significantly tighter limits on fundamental model parameters. Note that the present paper is limited to the tomographic shear power spectrum. It will be interesting to see if the above conclusions remain valid for higher-order statistics [76, 77] or weak-lensing peaks [19, 78] which are sensitive to non-Gaussian features of the cosmic density field. WL only (red) to the WL+X-ray scenario (purple). Fig. 10 furthermore shows that for all three model extensions, fixing the baryonic parameters to their true values does only lead to a moderate further improvement compared to the WL+X-ray case. For wCDM, the Figure of Merit of the scenario with fixed baryonic parameters is at FoM = 32. This is only slightly larger than the FoM = 27 obtained for the WL+X-ray case (scenario iii). Regarding the fRCDM, there is no improvement of the limit on |f R0 |, while for the ΛMDM model, an improvement is visible but remains small. Note that in terms of cosmological parameter contours, it is more promising to include further information from the CMB than to find even better ways to constrain baryonic effects. This statement is both true for ΛCDM and for all extensions considered in the present paper.
